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Objectives. The purpose of this study was to identify the
determinants of exercise tolerance in patients with Ebstein’s
anomaly.
Background. Patients with Ebstein’s anomaly of the tricuspid
valve may have exercise limitation that improves after surgical
repair.
Methods. One hundred seventeen patients performed cycle
ergometry for a total of 124 tests (preoperative test in 76 patients,
postoperative test in 23, test but no operation in 18, preoperative
and postoperative test in 7). Multiple linear regression analysis
was used to identify predictors of maximal oxygen uptake, oxygen
saturation and heart rate at peak exercise.
Results. Age at the time of exercise ranged from 6 to 60 years
(median 15). An atrial septal defect was present in 67 patients
(88%) preoperatively. Compared with the preoperative group, the
postoperative group had significantly higher maximal oxygen
uptake (mean [6SD] 20.5 6 7.4 vs. 25.3 6 7.0 ml/kg body weight
per min, p 5 0.006). Postoperative rest and exercise blood oxygen
saturation was higher than that measured preoperatively (p 5
0.0001). Six of seven patients tested before and after the operation
showed improved exercise tolerance. Preoperatively, major pre-
dictors of maximal oxygen uptake were oxygen saturation at rest
(p 5 0.01) and age (p 5 0.0001). Preoperatively, the major
predictor of oxygen saturation at peak exercise was rest oxygen
saturation (p 5 0.0001), and major predictors of peak exercise
heart rate were rest heart rate (p 5 0.01) and rest oxygen
saturation (p 5 0.01). In the postoperative group, predictors of
maximal oxygen uptake included age at exercise testing, male
gender and heart size.
Conclusions. Definitive operation for Ebstein’s anomaly results
in improved exercise tolerance. Before the operation, rest oxygen
saturation is the major predictor of exercise tolerance, oxygen
saturation at peak exercise and peak heart rate. Postoperatively,
age, gender and heart size influenced maximal oxygen uptake.
(J Am Coll Cardiol 1997;29:1615–22)
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Ebstein’s anomaly of the tricuspid valve is a relatively rare
malformation that constitutes ,1% of all congenital heart
defects. The constellation of findings in patients with Ebstein’s
anomaly includes downward displacement of the tricuspid
valve into the right ventricle, an enlarged redundant anterior
leaflet of the tricuspid valve and tethering of the septal and
posterior leaflets to the underlying myocardium. A patent
foramen ovale or atrial septal defect is present in the majority
of patients with Ebstein’s anomaly (1). In most cases significant
tricuspid valve regurgitation is present, but in a minority of
patients tricuspid stenosis can be present. Because of the
combination of features present in Ebstein’s anomaly, patients
often report significant dyspnea and exercise intolerance (2,3).
Using multivariate modeling, we examined a large group of
patients with Ebstein’s anomaly to identify the determinants of
aerobic capacity, blood oxygen saturation, maximal heart rate
and cardiac output and to determine the effect of type of
operation on the cardiorespiratory response to exercise.
Methods
Study group. One hundred seventeen patients with Eb-
stein’s anomaly underwent a total of 124 cycle exercise tests
between September 1980 and November 1994 (Table 1).
Seventy-six patients were tested before surgical repair, 14
patients after tricuspid valve repair and 9 patients after tricus-
pid valve replacement. The interval between operation and
postoperative exercise testing ranged from 1 to 10 years.
Eighteen patients who had exercise testing but did not subse-
quently have surgical repair were analyzed separately from the
preoperative group who had subsequent operative repair.
Three patients in the preoperative group were taking beta-
adrenergic blocking agents at the time of exercise testing and
had significantly lower rest and exercise heart rates and
exercise tolerance. These three patients were excluded from
the multivariate analysis because the beta-blockers may have
negatively affected their performance. Seven patients were
tested both preoperatively and postoperatively. Fifty-six of the
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117 patients in this study were reported previously by Driscoll
et al. (3).
Exercise protocol. This study was performed as a retro-
spective review of exercise tests. Institutional Review Board
approval was granted. Exercise testing was performed using
cycle exercise as described previously (2,4). Seven patients
were tested before 1982 using individualized cycle protocols.
Since 1982, testing has been performed on an electronically
braked cycle ergometer using a protocol of 3-min incremental
steps of increasing work load, as described by James et al. (5,6).
Oxygen saturation by pulse oximetry was monitored before and
during exercise. Patients were coached to exercise to exhaus-
tion, and only tests that represented a peak exercise cardiore-
spiratory effort, as determined by the examiner, were included
in the study. Cardiac output, or effective pulmonary blood flow,
was measured using an acetylene-helium rebreathing tech-
nique (7). Baseline spirometry, including forced expiratory
volume in 1 s (FEV1), forced vital capacity (FVC) and maximal
voluntary ventilation, was performed in all patients before
exercise testing. Measurement of maximal voluntary ventila-
tion was the most effort-dependent variable measured, and in
the youngest patients a trend toward suboptimal maximal
voluntary ventilation results was noted. Therefore, for pur-
poses of analysis, FEV1 3 40 was used to approximate maximal
voluntary ventilation for each patient in the study (8). Cardiac
output determination was attempted in all patients who did not
have an atrial septal defect or whose shunt was determined to
be small (blood oxygen saturation by pulse oximetry .92%
before and during exercise). Fifteen of the 76 patients in the
preoperative group and 20 of the 23 patients in the postoper-
ative group had cardiac output determinations at peak exer-
cise. In all patients, the cardiothoracic ratio was measured
from the chest X-ray film taken within 1 day of the exercise
test.
Statistical analysis. The results of the baseline spirometry
and exercise tests were compared with normal values published
previously (6,9–11). Continuous variables were reported as
mean value 6 SD, and categoric variables were presented as
percentage of the total. The Wilcoxon rank sum test was used
to compare continuous variables between patient groups (e.g.,
preoperative and postoperative), and the Wilcoxon signed-
rank test was used for those patients with both preoperative
and postoperative exercise tests. The primary dependent vari-
ables of interest were maximal oxygen consumption (V˙O2max,
ml/kg body weight per min), blood oxygen saturation as
measured by pulse oximetry, heart rate and cardiac output at
peak exercise. The independent variables that were investi-
gated for their association with the dependent variables of
interest included age at exercise, body surface area, gender,
medication usage, FVC, FEV1, respiratory exchange ratio
(V˙CO2/V˙O2), cardiothoracic ratio, rest heart rate, systolic blood
pressure, diastolic blood pressure and log of V˙O2. For the
patients with a preoperative test, whether or not an atrial
septal defect was present at the time of exercise was also
considered as an independent predictor, and the degree of
tricuspid regurgitation was considered as an independent
predictor in those patients with a postoperative exercise test.
Univariate associations were investigated by simple linear
regression. Multiple linear regression with a backward variable
selection technique was used to identify independent predic-
tors. For each of the dependent variables, the final model was
reported along with the associated univariate results. Logarith-
mic transformation was used to stabilize the variance in the
V˙O2 data. A p value #0.05 was considered statistically signif-
icant.
Results
Age at the time of exercise ranged from 6 to 60 years
(median 15). An atrial septal defect was present in 67 (88%) of
the 76 preoperative patients and in 5 (28%) of the 18 patients
who did not have subsequent surgical repair. None of the
patients in the postoperative group had an atrial septal defect
or a patent foramen ovale.
No significant differences were found between the preop-
erative and postoperative groups for age, height, weight, body
surface area, FEV1, FVC, oxygen uptake at rest or systolic or
diastolic blood pressure at rest or with exercise. All patients
tolerated exercise testing, and no complications occurred
during any of the exercise studies.
Exercise tolerance. Compared with the preoperative
group, the postoperative group had significantly greater exer-
cise tolerance, defined by V˙O2 at peak exercise (p 5 0.006)
(Table 2, Fig. 1). Furthermore, preoperatively, oxygen uptake
at rest was positively correlated with the logarithm of V˙O2 at
peak exercise (r 5 0.46). In the group of 18 patients who had
exercise testing but did not have subsequent surgical repair, the
V˙O2 was 31.1 6 9.0 ml/kg per min (95 6 44% of predicted).
Five of the seven patients tested both before and after the
operation showed significant improvement in V˙O2 (Fig. 2).
Abbreviations and Acronyms
FEV1 5 forced expiratory volume in 1 s
FVC 5 forced vital capacity
V˙CO2/V˙O2 5 respiratory exchange ratio
V˙E 5 minute ventilation
V˙E/V˙O2 5 ventilatory equivalent for oxygen
V˙O2max 5 maximal oxygen consumption
VT 5 tidal volume
Table 1. Patient Groups and Exercise Testing
Patient Group n
Preoperative testing 76
Postoperative testing 23
Testing but no operation 18
Total patients tested 117
Both preoperative and postoperative testing 7
Total no. of exercise tests performed 124
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One patient showed slight improvement and another had
significant weight gain (25 kg) in the 2.5 years between exercise
tests, resulting in her V˙O2 being lower postoperatively than
preoperatively.
On multivariate analysis, using logarithmic transformation,
independent predictors of V˙O2 in the patients in the preoper-
ative group were younger age at exercise testing and blood
oxygen saturation at rest (Table 3). There was no significant
relation between heart size and V˙O2 preoperatively. In the
patients in the postoperative group, major predictors of V˙O2
were younger age at exercise testing, male gender and smaller
heart size on chest x-ray film (Table 3). Tricuspid valve
replacement or repair and degree of residual tricuspid regur-
gitation after repair did not significantly influence exercise
tolerance in patients in the postoperative group.
Arterial blood oxygen saturation. Postoperative blood ox-
ygen saturation measured at rest was significantly higher than
that measured preoperatively (Table 2). Furthermore, blood
oxygen saturation at peak exercise was higher in the postop-
erative group than in the preoperative group (Table 2, Fig. 3).
In the group of 18 patients who did not subsequently have an
operation, blood oxygen saturation at rest was 95.2 6 2.6% and
at peak exercise it was 92.4 6 3.6%. Only 5 of those 18 patients
had an atrial septal defect. On multivariate analysis, the major
predictor of blood oxygen saturation at peak exercise in the
preoperative group was blood oxygen saturation at rest (Table
4). Significant correlates for oxygen saturation at peak exercise
in the postoperative group were use of medication and minute
ventilation (V˙E) at rest (Table 4).
Presence or absence of atrial septal defect. In the preop-
erative group, comparisons were made between 67 patients
with an atrial septal defect and 9 patients without an atrial
septal defect (Table 5). No differences were noted between the
two groups with regard to age, but patients without an atrial
septal defect weighed more and had a larger body surface area.
No significant difference for V˙O2 existed between preoperative
Table 2. Comparison of Cardiorespiratory Variables in Patients With Ebstein’s Anomaly Before and After Surgical Repair
Variable
Preoperative Group (n 5 76) Postoperative Group (n 5 23)
p ValueMean 6 SD Value %Predicted Mean 6 SD Value %Predicted
V˙O2/max (ml/kg per min) 20.5 6 7.4 50.2 6 16.3 25.3 6 7.0 64.2 6 18.6 0.006
(n 5 76) (n 5 23)
% oxygen saturation at rest 86.5 6 8.9 95.7 6 2.3 0.0001
(n 5 75) (n 5 23)
% oxygen saturation during exercise 75.0 6 15.6 92.8 6 3.4 0.0001
(n 5 75) (n 5 23)
Heart rate at rest (beats/min) 90.8 6 16.4 101.4 6 21.4 83.0 6 15.0 91.7 6 16.9 0.109
(n 5 76) (n 5 23)
Heart rate during exercise (beats/min) 151.7 6 26.4 78.6 6 13.0 162.2 6 15.4 83.3 6 7.8 0.139
(n 5 76) (n 5 23)
Systolic BP at rest (mm Hg) 108.6 6 14.5 94.7 6 11.7 115.2 6 15.3 100.3 6 12.8 0.099
(n 5 74) (n 5 22)
Systolic BP during exercise (mm Hg) 132.4 6 24.8 82.0 6 13.2 145.9 6 29.4 88.5 6 15.7 0.061
(n 5 73) (n 5 21)
Cardiac index at rest (liter/min per m2) 2.7 6 1.1 3.3 6 1.0 0.076
(n 5 19) (n 5 20)
Cardiac index during exercise (liter/min per m2) 4.7 6 1.6 5.2 6 1.3 0.673
(n 5 15) (n 5 20)
Respiratory frequency at rest (breaths/min) 22 6 7 21 6 8 0.258
(n 5 76) (n 5 22)
Respiratory frequency during exercise (breaths/min) 40 6 15 45 6 12 0.106
(n 5 75) (n 5 23)
V˙E at rest (liters/min) 11.7 6 3.0 9.5 6 2.4 0.002
(n 5 73) (n 5 22)
V˙E during exercise (liters/min) 47.9 6 18.8 49.8 6 21.1 0.898
(n 5 76) (n 5 23)
V˙CO2/V˙O2 during exercise 1.09 6 0.35 1.14 6 0.14 0.02
(n 5 75) (n 5 23)
V˙E/V˙O2 at rest 43.5 6 10.3 35.9 6 6.5 0.002
(n 5 75) (n 5 22)
V˙E/V˙O2 at exercise 51.9 6 3.8 38.0 6 6.7 0.0001
(n 5 75) (n 5 23)
Cardiothoracic ratio 0.62 6 0.08 0.60 6 0.11 0.128
(n 5 69) (n 5 21)
BP 5 blood pressure; V˙CO2/V˙O2 5 respiratory exchange ratio; V˙E 5 minute ventilation; V˙E/V˙O2 5 ventilatory equivalent for oxygen; V˙O2max 5 maximal oxygen
consumption.
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patients with and without an atrial septal defect. However,
preoperative patients with an atrial septal defect had signifi-
cantly lower blood oxygen saturation compared with those
without an atrial septal defect. Tidal volume (VT) at rest and
during exercise was significantly higher in preoperative pa-
tients without an atrial septal defect.
No significant differences existed between the preoperative
group without an atrial septal defect and the postoperative
group with regard to V˙O2, blood oxygen saturation or cardiac
output. However, FVC was significantly lower in the postop-
erative group than in the preoperative group of patients
without an atrial septal defect (2.9 6 1.2 vs. 3.8 6 1.0 liters, p 5
0.05). Significant differences were also noted for V˙E at rest
(postoperative: 9.5 6 2.4 liters/min; preoperative without atrial
septal defect: 12.9 6 3.0 liters/min, p 5 0.01) and VT at rest
(postoperative: 0.49 6 0.16 liter; preoperative without atrial
septal defect: 0.70 6 0.19 liter, p 5 0.007).
Heart rate and cardiac output. Peak heart rate was below
that expected in both the preoperative and postoperative
groups (Table 2). However, there was no significant difference
between these groups with regard to heart rate either at rest or
at peak exercise. Rest heart rate and rest blood oxygen
saturation were positive predictors of peak heart rate in the
preoperative group (Table 6). Predictors of peak heart rate in
the postoperative group, using multivariate analysis, included
systolic blood pressure at rest, respiratory exchange ratio and
smaller heart size on chest X-ray film (Table 6).
Cardiac output was measured at rest in 19 patients, at peak
exercise in 15 patients preoperatively and 20 patients postop-
eratively and in 15 of the 18 patients who did not have a
subsequent operation. At rest the cardiac output for all
patients was less than the mean for our laboratory but was
within the limits of normal (Fig. 4). At peak exercise the
majority of patients had slightly lower cardiac output for
oxygen uptake. There was depression of the slope of the
cardiac output curve in the postoperative group and in the “no
operation” group. There were no differences between the
preoperative and postoperative groups for cardiac output at
rest or with exercise. Cardiac output at peak exercise was
significantly higher in the patients who did not have a subse-
quent operation than in the preoperative patients who had a
subsequent operation (cardiac index 6.1 6 1.8 liters/min per
m2 in the “no operation” group vs. 4.7 6 1.6 liters/min per m2
in the preoperative group, p 5 0.02). However, the patients
who did not have a subsequent operation also had a higher
V˙O2. No significant predictors of cardiac output were found in
either the preoperative or postoperative patients.
Electrocardiographic findings. For the preoperative pa-
tients without right bundle branch block, ST segment changes
were not present either at rest or with exercise. No significant
arrhythmias developed during exercise in either the preoper-
ative or postoperative patients. Preoperatively, 24 patients at
rest and 23 patients during exercise had first-degree atrioven-
tricular block. In the postoperative group, seven patients had
first-degree atrioventricular block at rest and during exercise.
Junctional rhythm was noted in three patients at rest preoper-
atively and in one patient at rest postoperatively. No patients
had junctional rhythm during exercise. Second- and third-
degree atrioventricular blocks were not present in any patient.
Figure 1. Percentage of predicted maximal oxygen uptake in the
preoperative (Preop) and postoperative (Postop) groups.
Figure 2. Comparison of maximal oxygen uptake in seven patients
tested both before and after the operation. Time 0.0 is defined as time
of operation.
Table 3. Variables Predicting Maximal Oxygen Uptake
Preoperatively and Postoperatively
Variable Estimate SE
Multivariate
p Value
Univariate
p Value
Preoperative Group (R2 5 0.38)
Age 20.016 0.003 0.0001 0.0001
Blood oxygen
saturation at rest
0.012 0.044 0.0111 0.0849
Intercept 2.274 0.397 0.0001 —
Postoperative Group (R2 5 0.731)
Age 20.011 0.004 0.0288 0.0012
Male gender 0.213 0.092 0.0359 0.0439
CT ratio 20.016 0.005 0.0082 0.2371
Intercept 5.627 0.780 0.0001 —
CT 5 cardiothoracic.
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An accessory pathway was noted in 18 patients preoperatively,
with eight patients having a manifest pathway noted at rest and
during exercise. No accessory pathway was apparent in any of
the postoperative patients. Premature atrial contractions were
found in two postoperative patients at rest, one postoperative
patient during exercise and four postoperative patients during
postexercise recovery. Two preoperative patients developed
premature atrial contractions during the recovery period.
Preoperatively, 10 patients had isolated premature ventricular
contractions at rest, 13 with exercise and 18 during the
recovery period. Postoperatively, one patient had isolated
premature ventricular contractions at rest, four with exercise
and three during the recovery period. No additional ventricular
arrhythmias were observed in any patient at rest or during
exercise.
Pulmonary function variables. There were no differences
between the preoperative and postoperative groups for the
baseline spirometric measurements of FEV1, FVC or maximal
voluntary ventilation. The mean FEV1 for all patients was
2.5 6 1.0 liters/s (100% of predicted), and the mean FVC for
all patients was 2.9 6 1.3 liters (90% of predicted). Minute
ventilation at rest was significantly higher in the preoperative
group than in the postoperative group (p 5 0.002) (Table 2),
and a trend toward significance was noted in VT at rest. No
difference in respiratory frequency was present between the
two groups either at rest or with exercise. The ventilatory
equivalent for oxygen (V˙E/V˙O2) was higher in the preoperative
group both at rest and with exercise than in the postoperative
group (Fig. 5). No difference in V˙E/V˙O2 existed between the
groups with and without an atrial septal defect at rest or with
exercise. The 18 patients who did not subsequently have an
operation demonstrated a normal response of V˙E/V˙O2 during
exercise (37.3 6 6.3 at rest, decreasing to 35.1 6 6.3 with
exercise).
Discussion
Ebstein’s anomaly of the tricuspid valve is characterized by
a redundant anterior leaflet with tethering and displacement of
the valve, usually associated with significant regurgitation. An
atrial septal defect is found in as many as 79% of patients (1).
A number of factors may contribute to impaired exercise
Figure 3. Exercise oxygen saturation in the preoper-
ative (Preop) and postoperative (Postop) groups. “3”
represents the mean for each group.
Table 4. Variables Predicting Blood Oxygen Saturation at Peak
Exercise Preoperatively and Postoperatively
Variable Estimate SE
Multivariate
p Value
Univariate
p Value
Preoperative Group (R2 5 0.742)
Blood oxygen
saturation at rest
1.584 0.136 0.0001 0.0001
Intercept 262.279 11.777 0.0001 —
Postoperative Group (R2 5 0.5385)
Use of medication 23.932 1.088 0.0018 0.0047
V˙E 0.674 0.219 0.0062 0.0272
Intercept 88.977 2.253 0.0001 —
V˙E 5 minute ventilation.
Table 5. Exercise Performance Preoperatively in Patients With and
Without an Atrial Septal Defect
Variable
With ASD
(n 5 67)
Without ASD
(n 5 9) p Value
Weight (kg) 47.7 6 19.5 64.3 6 15.3 0.02
BSA (m2) 1.4 6 0.36 1.7 6 0.23 0.01
V˙O2max (ml/kg per min) 22.6 6 9.1 20.2 6 7.2 0.5682
Oxygen saturation at
rest (%)
85.2 6 8.6 96.2 6 2.2 0.0001
Oxygen saturation during
exercise (%)
72.5 6 14.9 93.2 6 4.2 0.0001
Cardiothoracic ratio 0.62 6 0.08 0.63 6 0.11 0.7731
Systolic BP at exercise (mm Hg) 130 6 25 149 6 21 0.032
Respiratory frequency at rest
(breaths/min)
22 6 7 19 6 5 0.1164
VT at rest (liter) 0.58 6 0.23 0.70 6 0.19 0.05
VT during exercise (liters) 1.3 6 0.68 1.6 6 0.57 0.064
FVC (%predicted) 86 6 14 91 6 14 0.2943
Data presented are mean value 6 SD. ASD 5 atrial septal defect; BP 5
blood pressure; BSA 5 body surface area; FVC 5 forced vital capacity;
V˙O2max 5 maximal oxygen consumption; VT 5 tidal volume.
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performance in this group of patients. These factors may
include the presence of significant tricuspid regurgitation, poor
right ventricular function and decreased cardiac output, right
to left shunt and associated abnormal ventilation, cardiomeg-
aly and use of medication. Previous investigators have shown
that hypoxia plays a primary role in exercise intolerance, and
definitive repair of Ebstein’s anomaly significantly improves
exercise performance. In 1985, Barber et al. (2) described the
cardiorespiratory responses to exercise in 14 patients with
Ebstein’s anomaly and demonstrated V˙O2 was reduced to 43 6
17% of the predicted normal rate. Subsequently, Driscoll et al.
(3) reported on the exercise response for 38 patients before
surgical repair of the tricuspid valve and for 11 patients after
repair of the tricuspid valve. Exercise tolerance improved in
the postoperative patients; however, the preoperative patients
without an atrial septal defect did not differ significantly from
postoperative patients. Because of the small number of pa-
tients in these previous studies, statistical analysis was limited
to paired analysis and simple linear regression. Using multi-
variate analysis, our data continue to support the previous
findings of Barber et al. (2) and Driscoll et al. (3).
Exercise tolerance and oxygen saturation. It is apparent
that patients with Ebstein’s anomaly have limited aerobic
capacity when significant cyanosis and decreased blood oxygen
saturation are present. Indeed, exercise tolerance positively
correlates with the level of blood oxygen saturation. Driscoll et
al. (3) described a strong positive correlation between V˙O2 and
rest oxygen saturation .90%, but no correlation between
exercise tolerance and rest blood oxygen saturation ,90%.
Our findings demonstrate little correlation between V˙O2 and
any oxygen saturation level at rest in the simple linear model
(r 5 0.22). However, there was a strong correlation between
exercise tolerance and rest blood oxygen saturation in the
multivariate model.
The group of 18 patients who had exercise testing but did
not subsequently have an operation were unique in that they
appeared to have milder disease. This was apparent in the
higher V˙O2 when compared with the preoperative patients who
subsequently had surgical repair. Additional supporting evi-
dence for milder disease in the group that did not subsequently
have an operation included a higher mean oxygen saturation at
peak exercise than that in the preoperative group. Recall that
only 5 of the 18 patients who did not have a subsequent
operation had an atrial septal defect. The higher oxygen
saturations at rest and with exercise reflect the insignificant or
absent right to left shunting at the atrial level.
Exercise tolerance after surgical repair was significantly
greater than that found preoperatively. Patients with Ebstein’s
Figure 4. Relation between cardiac output and oxy-
gen uptake during exercise in all patients. The
shaded area indicates the normal range for our
laboratory. Preop 5 preoperative group (n 5 15);
Postop 5 postoperative group (n 5 20); No op 5 “no
operation” group (n 5 15).
Table 6. Variables Predicting Heart Rate at Peak Exercise Preoperatively and Postoperatively
Variable Estimate SE
Multivariate
p Value
Univariate
p Value
Preoperative Group (R2 5 0.333)
Heart rate at rest 0.710 0.170 0.0001 0.0046
Oxygen saturation at rest 0.912 0.299 0.0038 0.0157
Intercept 10.266 32.592 0.7542 —
Postoperative Group (R2 5 0.646)
Systolic BP 20.481 0.178 0.0174 0.9816
V˙CO2/V˙O2 36.957 13.966 0.0192 0.1971
CT ratio 21.072 0.301 0.0031 0.0079
Intercept 235.868 32.133 0.0001 —
BP 5 blood pressure; CT 5 cardiothoracic; V˙CO2/V˙O2 5 respiratory exchange ratio.
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anomaly who have had surgical repair appear to have better
exercise tolerance postoperatively than patients who have had
the Fontan operation (V˙O2max, 50% to 60% predicted) (12),
but less aerobic capacity than patients who have had tetralogy
of Fallot repair (V˙O2max, 77% predicted) (13). Heart size
appeared to negatively influence postoperative exercise toler-
ance, although tricuspid valve repair, replacement and degree
of residual tricuspid regurgitation did not. Heart size in this
instance likely reflects right ventricular dilation and dysfunc-
tion. Thus, postoperative patients with significant right ventric-
ular dilation and dysfunction will have impaired exercise
performance. The finding that blood oxygen saturation at peak
exercise postoperatively was negatively influenced by the use of
medications may also be a reflection of residual cardiac
dysfunction.
Presence or absence of atrial septal defect. Exercise toler-
ance did not differ between the preoperative patients with or
without an atrial septal defect. This finding may seem surpris-
ing, but is likely a reflection of the small number of patients in
the group without an atrial septal defect. However, differences
between oxygen saturation at rest and with exercise were
significant, reflecting changes in the volume of right to left
shunting at the atrial level. Patients without an atrial septal
defect preoperatively were similar to the patients in the
postoperative group. This finding suggests that the major
factor contributing to exercise intolerance in patients with
unrepaired Ebstein’s anomaly is the presence and size of the
intracardiac right to left shunt.
Heart rate and cardiac output. Peak heart rate was less
than that predicted in both the preoperative and postoperative
groups. Oxygen saturation had a major influence on heart rate
preoperatively but not postoperatively. One may question
whether the exercise tests reflected maximal effort. Clinical
assessment of exercise effort or a V˙CO2/V˙O2 ratio .1 (Table 2)
supported that the tests likely represented either a peak
exercise measurement in patients with significant hypoxia or
maximal effort in the others. Furthermore, three patients in
whom beta-blockade was thought to negatively influence heart
rate were not included in the final analysis. Reduced heart rate
at peak exercise has been observed in patients with a variety of
cyanotic congenital heart defects both preoperatively and
postoperatively and in our patients (14–16). The cause of this
blunted heart rate response is unclear and probably is multi-
factorial. It is interesting that perfusion of the carotid body
with hypoxic blood can cause bradycardia (17). Also, Åstrand
and Åstrand (18) described relative bradycardia in subjects
after acclimatization to higher altitude. The lower than ex-
pected peak heart rate in the postoperative group may reflect
sinus node dysfunction after heart surgery.
The acetylene-helium technique used to measure cardiac
output underestimates cardiac output with exercise measured
by dye dilution by 7.5% to 12% (19). However, because our
patient data were compared with normal data collected by
using the same technique, the problem of underestimation is
obviated. Cardiac output at rest was similar for the preopera-
tive patients, for those who did not subsequently have an
operation and for the postoperative patients. However, for all
patients the cardiac output at peak exercise was less than the
mean for our laboratory, but fell within the limits of normal
(Fig. 4). The depression of the slope of the cardiac output
curve and the lower cardiac output relative to oxygen uptake
may be a reflection of right ventricular dysfunction. Recall that
the patients who had cardiac outputs measured had blood
oxygen saturations during exercise that remained .90%.
Therefore, significant hypoxia was not a factor influencing
exercise tolerance and cardiac output. Right ventricular func-
tion has been shown to be a major determinant of maximal
oxygen consumption in patients with left ventricular dysfunc-
tion (20). Furthermore, decreased cardiac output response to
exercise occurs in patients with chronic right heart failure and
correlates with severity of congestive heart failure (21).
Ventilatory responses. Abnormal ventilatory patterns pre-
viously have been described in cyanotic patients (2–4). Typi-
cally these patterns are characterized by excessive ventilation
at rest and during exercise. Respiratory frequency was in-
creased at rest in both the preoperative and postoperative
patients, and this may reflect mild hyperventilation secondary
to anxiety in patients about to perform an exercise test. An
additional important cause of increased respiratory frequency
in the preoperative group may be the presence of a shunt at the
atrial level. A right to left shunt can lead to overventilation, as
evidenced by the increased respiratory frequency in the pa-
tients with an atrial septal defect. In the presence of a right to
left shunt, only a portion of the systemic venous return reaches
the lung for ventilatory exchange of carbon dioxide. To main-
tain normal systemic arterial partial pressure of carbon dioxide
the patient must compensate by increasing V˙E to allow for
removal of carbon dioxide. Although the end-tidal carbon
dioxide may be low, the arterial carbon dioxide level is
maintained near normal (2,21). Elevation of the V˙E/V˙O2 and
V˙E also occurs in the presence of hypoxemia and excessive
ventilation or hyperventilation (22). A higher V˙E/V˙O2 was
observed in the preoperative patients compared with the
postoperative patients (Fig. 5).
Figure 5. Ventilatory equivalent for oxygen at rest and with exercise in
the preoperative (Preop) and postoperative (Postop) groups.
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Conclusions. In patients with Ebstein’s anomaly, exercise
testing may assist in determining the severity of disease. One of
the major contributing factors to preoperative exercise intol-
erance is hypoxemia. Before the operation, rest blood oxygen
saturation is the major predictor of exercise tolerance, blood
oxygen saturation at peak exercise and peak heart rate. As
expected, the presence of an atrial septal defect significantly
influences blood oxygen saturation at rest and at peak exercise.
However, in patients with an insignificant shunt, right ventric-
ular dysfunction may be a contributing factor to lower cardiac
output response relative to oxygen uptake.
Finally, definitive operation for Ebstein’s anomaly results in
improved exercise tolerance. Although the surgical elimination
of a right to left shunt plays a significant role in improving
exercise performance, the type of operation (tricuspid valve
repair or replacement) does not appear to influence postoper-
ative exercise tolerance.
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